We show that the moiré pattern of graphene on Ir(111) acts as efficient template for the self-assembly of well-ordered superlattices of single rare-earth adatoms. Using Sm and Dy as representative of early and late lanthanides, we observe that the array quality is determined by the deposition temperature and by a large direct capture area, leading to partial dimer formation. These superlattices result from the combination of the inhomogeneous substrate potential for adatom diffusion generated by the moiré and the interatomic electrostatic repulsion originating from electron transfer to graphene. Deposition temperature-and coverage-dependent experiments quantify the energy barriers for adatom diffusion between adjacent graphene lattice sites and between moiré unit cells, as well as the amount of charge transferred to the substrate by each adatom.
I. INTRODUCTION
Single atoms at surfaces possess remarkable properties emerging from their low coordination and their interaction with the underlying surface. Single-atom transistors [1] and single-atom magnets [2] [3] [4] [5] were reported; single-atom catalysts were proposed [6] [7] [8] [9] . These fascinating properties are unique to the respective atom/substrate combination. Regarding magnetism, Ho is a single-atom magnet when adsorbed on MgO [2] , but neither on graphene [10] nor on several metal substrates [11, 12] ; conversely, Dy shows long spin lifetime when adsorbed on freestandinglike graphene on metals, as for graphene on Ir(111), while it is paramagnetic when placed directly on Ir(111) or other metals, on graphene on Ru(0001), and onto hexagonal boron nitride, h-BN/Rh(111) [3, 12] .
For applications, the fabrication of large and well-ordered arrays of single atoms is required for the atom/substrate combinations of interest. A viable route is self-assembly at surfaces [13] . Former examples of self-assembled superlattices of 3d transition metals [14] [15] [16] [17] [18] or rare earths [19] [20] [21] [22] used long-range adsorbate-adsorbate interactions mediated by surface-state Friedel oscillations on close-packed metal surfaces. However, for the single-atom-magnet systems mentioned above, direct adsorption onto metal substrates is unsuited since long-lived magnetic quantum states require protection against electron and phonon scattering [12, 22, 23] , explaining why thin MgO or graphene separation layers are needed. Cs atom superlattices were self-assembled on graphene/SiC(0001) [24] and on graphene on Ir(111) [25] , thanks to the combined effect of the graphene moiré pattern and repulsive adatom interactions. Reference [24] suggested that superlattices of single atoms for magnetic storage applications can be created that way. However, Cs is not a stable magnet on graphene.
Dy self-assembles into well-ordered superlattices on graphene on Ir(111) when deposited at 40 K [3] . Therefore this system forms a lattice of equidistant atoms where each of them can store information in its bistable magnetic quantum state J z = ±7, where z labels the out-of-plane direction.
Here we demonstrate superlattice formation also for a second 4f element, namely, Sm, thereby addressing also an early lanthanide. The superlattice formation is triggered by a deposition temperature T dep that is element dependent. In the available deposition-temperature range (10 T dep 78 K), we find 30 T dep 70 K for Dy and T dep 50 K for Sm. Detailed investigations of the order parameter and the nearestneighbor distance distribution as a function of deposition temperature, as well as of the relative abundance of monomers, dimers, and larger clusters as a function of coverage, enable one to determine the adatom diffusion barrier, the binding energy difference within the moiré unit cell, the area for direct capture by already adsorbed adatoms, and the charge transfer giving rise to the Coulomb repulsion between the adatoms.
II. EXPERIMENTAL
The Ir(111) single crystal was prepared by Ar + sputtering and annealing cycles. Graphene (gr) was grown by chemical vapor deposition from ethylene (100 L at 1400 K). Dy and Sm were deposited from thoroughly degassed high-purity rods (99.9%) using an e-beam evaporator with a typical flux of 2 × 10 −3 monolayers (ML) per min, in a background pressure of 1 × 10 −10 mbar. A coverage = 1.0 ML is defined as one rare-earth atom per graphene unit cell. The substrate temperature during deposition was chosen as 10 T dep 78 K and the sample was immediately cooled to the scanning tunneling microscopy (STM) operating temperature of 5 K [26] after deposition. The Dy and Sm deposition fluxes were calibrated by counting the number of atoms per unit area in STM images of low coverage and low-deposition-temperature samples. The STM images were acquired in constant current mode with the tunnel voltage V t applied to the sample.
III. QUANTIFYING ORDER
The lattice mismatch between graphene and Ir(111) leads to the formation of a moiré pattern with a period of approximately ten graphene unit cells [27, 28] . Therefore, a coverage of = 0.01 ML nominally corresponds to one rareearth atom per moiré cell. In Fig. 1 we show the formation of almost perfectly ordered (a) Dy and (b) Sm adatom superlattices obtained for this coverage. The achieved order, however, strongly depends on the deposition temperature. In Fig. 2(a) we show STM images of 0.01 ML of Dy deposited on gr/Ir(111) at four temperatures representative of different regimes: random distribution of atoms (T dep = 10 K), partial order (T dep = 20 K), superlattice formation (T dep = 40 K), and partial loss of order (T dep = 75 K). In Fig. 2(b) , a similar series is shown for 0.01 ML of Sm: random distribution of atoms (T dep = 10 K), atoms more homogeneously distributed but without order (T dep = 23 K), superlattice formation (T dep = 48 K), and appearance of some larger objects and holes (T dep = 75 K).
To quantify the degree of spatial order as a function of deposition temperature, we use a procedure proposed for superlattices of three-dimensional (3D) nanocrystals [29] and formerly applied by us to Sm clusters [30] . The procedure is based on the analysis of the radial decay of the twodimensional (2D) autocorrelation function (2D-ACF) derived from microscopy images. To describe the decay of the envelop of the one-dimensional (1D) profile we use the function env(r ) given by the sum of a constant A ∞ and two Gaussian functions [29] :
The order parameter ξ is defined as
and ranges from 1 for perfectly ordered superlattices (f = 0) to 0 for systems without long-range order. It contains information about the location of the adatoms within the moiré cell, but also about the uniformity of the protrusions, i.e., whether they are all monomers or also dimers and larger clusters. The values of ξ obtained for Dy and Sm as a function of T dep are shown in Fig. 1(c) . For Dy, good order is obtained for 30 T dep 70 K, with best order at 50 K. For Sm, ξ increases monotonously in the investigated temperature range, reaching values higher than 0.5 at 50 K. We consider that ξ > 0.5 is indicative of very good order. This is inferred from an extensive analysis carried out on many systems reported in the literature [30] . Clearly, the transition is smooth and the degree of order increases gradually when going towards larger ξ values. The error bars reported on ξ take into account the values obtained for different STM images acquired on the same sample. The error bars on T dep take into account the variation of the sample temperature during the deposition. In fact, in our setup it is not possible to fully stabilize the temperature during the preparation; therefore T dep can vary slightly during the deposition, with a maximum variation of ±2 K over a deposition time of 300 s.
IV. ADSORPTION SITE IN THE MOIRÉ CELL
Moiré cells comprise atop, hollow hcp and fcc, and transition stacking regions with respect to the Ir(111) substrate [27, 28] . In atop regions, the center of a graphene carbon ring is on top of a surface Ir atom; in hcp and fcc regions the carbon ring is centered on top of an hcp or fcc site, respectively. The relative appearance of these different regions in the STM images depends on the tunneling parameters and on the tip [28] . In our measurements the atop stacking areas of the moiré are always imaged as circular depressions, although they protrude geometrically [3] . Surrounding hcp and fcc regions show up as brighter regions having similar contrast.
Figure 3(a) shows an STM image acquired on 0.01 ML Dy on gr/Ir(111) for Dy deposition at T dep = 70 K. Part of the moiré cells are empty owing to strongly increased dimer formation at this temperature, and the moiré contrast is visible. We deduce that the Dy atoms (the round, brightest protrusions in the image) and most of the dimers (slightly elongated, dimmer objects) preferentially adsorb on the atop stacking region of the moiré. For Sm, we show in Fig. 3 (b) a sample prepared at T dep = 78 K. Most of the cells are empty thanks to the low coverage of 2.5 × 10 −3 ML. Similar to Dy, the Sm adatoms occupy the atop regions of the moiré. Note that transition metals preferentially adsorb on hcp regions [27] , indicating a different adsorption mechanism than for rare earths. Calculations show that rare earths on freestanding graphene present similarities with alkali metals, with a bond that is mainly ionic and the charge transferred from the atom to the graphene delocalized over several graphene cells [31] . For Cs on gr/Ir(111), density functional theory (DFT) calculations found that adsorption is favored in the vicinity of the atop region of the moiré cell [25] .
V. MECHANISM FOR SUPERLATTICE FORMATION

A. Statistical analysis
Analysis of the apparent height of the protrusions in the STM images acquired on Dy/gr/Ir(111) reveals the presence of mainly two species identified as Dy monomers and dimers. Dimers are characterized by lower apparent height and slightly elongated shape, and can be split into two monomers by applying a voltage ramp [3] . The proportion of monomers, dimers, and larger clusters as a function of T dep is shown in Fig. 4(a) . Interestingly, for deposition temperatures between 10 and 50 K, the relative amount of monomers and dimers is constant within the error bar. It equals (83 ± 4)% and (17 ± 3)%, respectively. For higher T dep the proportion of monomers decreases, mainly owing to formation of additional dimers. This behavior can be rationalized by considering that up to 50 K Dy dimers are created exclusively by impingement within a capture area around an already adsorbed atom. The high proportion of dimers at low coverage suggests that the capture area is quite large. Only for higher temperatures, dimers form by lateral attachment of adatoms diffusing toward each other from far distances. This is indicative of a repulsion between the atoms that can only be overcome for T > 50 K. This repulsion is very likely electrostatic, since rare-earth atoms, similar to alkali atoms [24, 31] , are expected to transfer electrons to graphene [25, 31, 32] , resulting in positively charged adatoms.
To determine the capture area for dimer formation by direct impingement, we have performed coverage-dependent measurements for Dy, with between 2 × 10 −3 and 2 × 10 −2 ML, once for statistical growth conditions (T dep = 10 K) and once for superlattices (T dep = 40 − 50 K). The relative abundance of monomers, dimers, and bigger clusters is reported in Fig. 4(b) . We use a binomial distribution to describe the statistical formation of dimers and clusters as a function of coverage in the absence of adatom diffusion. We associate to each adatom a direct impingement area constituted of n graphene unit cells such that landing of an additional atom in that area leads to the formation of a dimer or of a larger cluster. The probability P of finding k atoms (k = 0, 1, 2, . . . ) in the area occupied by n cells as a function of the adatom coverage is given by [33] 
In Table I we report the monomer, dimer, and bigger cluster populations calculated for different impingement areas expressed in graphene sites for = 0.01 ML. The obtained values demonstrate that a small impingement area does not account for the populations observed experimentally for Dy on gr/Ir(111) shown in Fig. 4(b) . In order to describe them, a much larger direct impingement area has to be considered. The observed abundances can very well be reproduced by a binomial distribution with an impingement area for dimer and cluster formation of n = 37 ± 6 graphene sites [see inset in Fig. 4(b) ] corresponding to r c ≈ 3 a gr , where a gr is the graphene lattice parameter. Values for n = 31, 37, and 43 are reported in Fig. 4(b) , showing also very good agreement with the observed coverage dependence. This large capture area is detrimental to the formation of single-atom superlattices as it unavoidably leads to a certain amount of dimers. Notice that a similar impingement area for dimer formation was reported for Er on Cu(111) [22] . Figure 4 (c) presents the relative abundance of monomers, dimers, and larger clusters for 0.01 ML Sm on gr/Ir(111) as a function of T dep . For deposition temperatures between 10 and 75 K, the relative amount of monomers and dimers is fairly constant within the error bar, equal to 82 ± 4% and 18 ± 3%, respectively, but for the deposition at 75 K we detect the formation of larger clusters. Comparing this result with the one obtained for Dy, we can deduce that (i) the direct impingement area for dimer formation is similar for the two rare earths, and (ii) the repulsive barrier for dimer formation by diffusion is higher for Sm than for Dy.
B. One-dimensional model
The parameters at the origin of superlattice formation are the adatom diffusion barriers between adjacent graphene lattice sites (E d ), the adsorption energy difference between different stacking areas of the moiré (E m ), as well as the mutual repulsion between the adatoms (E q ). In order to quantify all three parameters, we have analyzed nearest-neighbor (NN) distance distributions as a function of T dep . For Dy, the results for six deposition temperatures, including the data shown in Fig. 2 , are presented in Fig. 5(a) . For T dep = 10 K, the shortest observed NN distance (d min ) is 0.8 nm. This is in line with our previous observation, that an atom landing at r r c (≈ 0.75 nm) from an adatom forms a dimer with it. The NN distributions found for T dep = 20 and 30 K show a larger value for d min ≈ 1.2 nm and a peak at 2.4 nm. From the first observation we deduce that d min increases as soon as the Dy atoms can diffuse, indicating a long-range repulsive interaction between the adatoms. From the second observation we infer that already for T dep = 20 K part of the Dy atoms can diffuse to the favorable adsorption region in the moiré cell. The peak is at a slightly smaller distance than the moiré periodicity of 2.53 nm [27, 28] due to the finite extension of the potential minimum, combined with the fact that our analysis systematically selects the closest atom. Depositions at T dep = 40 and 50 K lead to an NN distribution peaked at 2.3-2.4 nm, and no other distances are found. Finally, for T dep = 75 K, where approximately half of the objects present on the surface are dimers, the peak is still present, however, both smaller and larger NN distances are detected. A similar behavior, although with different characteristic temperatures, is observed for Sm [see Fig. 5(b) ]. In particular, the NN distance corresponding to the moiré periodicity appears with T dep = 31 K later than for Dy and is maintained at least up to the highest investigated temperature of 75 K.
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Based on these observations we can now evaluate E d , E m , and E q in a simplified 1D potential energy model. Figure 6(a) shows a schematic representation of the graphene moiré on Ir(111). A moiré unit cell is indicated, with the different stacking regions defined with the center of the graphene C 6 ring being located close to on-top substrate atoms (A), close to substrate bridge sites (B), and close to substrate hollow sites 
at the distance r 0 = 3 a gr , and charge transfer q deduced from E q (r 0 ). Barriers are given in meV, charge in electron. Values derived from NN distance distributions of Fig. 5 , using ν 0 = 10 13 Hz and ν = 1 Hz. Error bars on the energies correspond to ranges of values, providing a satisfactory description of the experimental data.
(H). The most favorable adsorption site within the moiré cell for both species is the atop region (see Fig. 3 ). In addition, we have shown that for Dy the atomic adsorption site is the sixfold-coordinated hollow site [3] . We simplify the potential landscape induced by the moiré by attributing a global minimum in the atop stacking area and the same height to hollow and bridge stacked regions. The repulsion is described by a screened Coulomb potential [34, 35] since a pure Coulomb potential turns out to be too long-ranged, and dipolar interactions are too weak at the relevant distances, as estimated from dipole moments calculated for rare-earth atoms [31, 32] and alkali metals [31, 34] on freestanding graphene. The screening effect is due to the redistribution of the electrons in graphene around the charged adatoms, yielding a lower effective charge for the repulsion and a faster decay. Such a screened potential is usually expressed as
where q is the charge transferred and r 0 is the screening length. To model the potential experienced by the adatoms, these two quantities are considered as free parameters. Our data are best described using r 0 = 0.75 nm, i.e., the screening length is of the order of three graphene unit cells. From the amplitude of the repulsive term we deduce the charge transfer q (electrons) reported in Table II for Dy and Sm. The resulting 1D potential felt by an adatom as a function of its distance from an adatom adsorbed in the center of an atop region is shown as a full black line in Fig. 6(b) . It remains to define a time scale in which the lattice forms and assume an attempt frequency for diffusion, for which we take the expected value of ν 0 = 10 13 Hz [13] . We see no difference between lattices held for hours at the deposition temperature and those that were cooled down immediately after deposition, reaching 10 K after 5 min and the equilibrium temperature of 5 K after 1 h. Therefore the superlattice formation takes place during deposition and there is no postevolution. At the employed flux and coverage, deposition takes typically 300 s and all diffusion steps have to be fast compared to this time. As can be seen in Fig. 6 , the diffusion barrier of each individual jump E eff depends on the initial site and the jump direction. Thus, we adjust E d , E m , and E q to give the observed temperature-dependent NN distributions shown in of the effective barriers, while in the real 2D case also the multiplicity of each process should be taken into account. As a result, the 1D model tends to overestimate the energy barriers. However, the hierarchy between the different energies and the processes leading to the superlattice formation are not affected by the dimensionality of the model [36, 37] .
E d , E m , and E q are interdependent and contribute to define the activation temperature of the different diffusion processes. Diffusion inside a moiré cell towards the most favorable adsorption site takes place at 20 K for Dy and at 30 K for Sm. Diffusion between moiré cells sets in at 40 K for Dy and at 50 K for Sm. These temperatures mainly define E d and E m . The amplitude and the extension of the screened Coulomb potential can be deduced from the fact that Dy and Sm atoms are able to move from the 4th to the 5th graphene site around a previously adsorbed atom at 20 K but not at 10 K. This process is responsible for the larger values of d min observed for T dep ≈ 20 K, [see Figs. 5(a) and 5(b)]. In addition, the potential must reproduce the observation that adatoms can laterally penetrate the direct impingement area and form dimers for Dy at 60 K and for Sm above 75 K (Fig. 4) . The rate-limiting step is from the 4th to the 3rd graphene site around another atom. All together, these observations determine the values for the energies E d , E m , and E q given in Table II for each of the two elements, as well as the screening radius r 0 = 3 a gr .
Note that E q and r 0 allow one to estimate the amount of charge q transferred from the adatoms to graphene, also reported in Table II. DFT results are available for atoms on freestanding graphene, which we consider a reasonable assumption for gr/Ir(111), given the large graphene-Ir(111) mean distance of (338 ± 4) pm [38] , respectively, (339 ± 3) pm [39] . They yield E d = 125 and 326 meV for Dy and Sm [31] , respectively, which is clearly higher than our values but exhibits the same trend for the two species. Concerning the charge transfer, the DFT calculations [31] yield a transfer of 0.77 electrons for Dy, in very good agreement with what we estimate, and 0.65 electrons for Sm, smaller than our value.
The existence of charge transfer is also supported by our dI /dV measurements, showing a shift of the Ir surface state [40, 41] towards higher binding energies in the presence of Dy or Sm on gr/Ir(111). The dI /dV spectrum acquired on pristine gr/Ir(111) is shown in Fig. 7 (a) and presents a peak at −180 mV corresponding to the Ir(111) surface state modified by the graphene layer [40, 41] . In the presence of Sm or Dy we observe a shift of this peak towards higher binding energies, as shown for the case of 0.01 ML Sm. Figure 7 (b) presents the energy shift as a function of Sm and Dy coverage. From these data we deduce that both Sm and Dy transfer electrons to graphene, and that the transfer is larger for Sm than for Dy, as for equal coverage the energy shift is larger for Sm. This is in qualitative agreement with the values deduced from the interaction strength of the screened Coulomb potential. Quantitative values cannot be inferred from the surface-state shift shown in Fig. 7(b) since the mechanism of that shift is not well understood [41] .
VI. CONCLUSIONS
By using Sm and Dy as prototypes, we have elucidated the mechanisms leading to the formation of rare-earth atom superlattices on graphene on Ir(111). Deposition temperatureand coverage-dependent experiments allow us to identify the ordering mechanism as being a combination of inhomogeneous substrate potential and Coulomb repulsion. Dy is a single-atom magnet, i.e., information can be stored magnetically in each individual atom. If large coherence times are found for rare-earth atoms on graphene, they may even serve as magnetic quantum bits.
